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Abstract. We have performed an isophotal analysis of galax-
ies in the distant (=0.4 cluster Cl0939+4713 (Abell 851), using
post-refurbished Hubble Space Telescope images. Morpholog-
ical type estimates for the galaxies are given. A rigorous com-
parison of the properties of the types shows that early-type
galaxies in Cl0939+4713 are, within the present statistical or
systematic errors, indistinguishable from their counterparts in
Coma in all their studied properties, namely ellipticity profile,
slope of the color-magnitude relation from the near-ultraviolet
to the near-infrared colors, mean surface brightness and lu-
minosity function in the restframe photographic band, homo-
geneity in color (around the color-magnitude relation). Further-
more ellipticals and lenticulars are separately homogeneous in
their mean surface brightness, and have similar relative mean
surface brightnesses in both clusters.
Spirals are overabundant in Cl0939+4713 with respect to
Coma, but twice less than previously estimated, and are more
similar to field spirals than to cluster spirals. We suggest that
the differences in the photometric properties of the spirals in
the two clusters arise from differences in cluster gas density
distribution which ultimately bring star formation in the spirals
to a stop in Coma, but not in Cl0939+4713.
The morphological types are segregated along a privileged
direction that coincides with the position angle of the major
axis of the outer X-ray isophotes in the cluster, just like in
Coma and Perseus.
? Based on observations made with the NASA/ESA Hubble
Space Telescope. Table 1 is only available in electronic form at
the CDS anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5)
or via http://cdsweb.u-strasbg.fr/Abstract.html
?? Present adress: Osservatorio di Capodimonte, via Moiariello
16, 80131 Naples, Italy, e-mail: andreon at cerere.na.astro.it
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fundamental parameters – luminosity function, mass function
– evolution – cluster: individual: Cl0939+4713 (Abell 851)
1. Introduction
Many observational efforts over a long period of time have
been devoted to measuring the evolution of the properties of
the Hubble types. This has mainly been done by comparing the
properties of the types at large distances (zsim0.2-0.4 with a
nearby reference sample (see as exceptions, e.g. Courteau, de
Jong & Broeils 1996, Zepf 1996).
When comparing the properties of the Hubble types, a first
problem came from the difficulty, and in part the subjectivity, in
estimating Hubble types. Expert morphologists are able to clas-
sify galaxies in morphological types with a reproducibility in
the range 50 to 80 % (Andreon & Davoust 1996) when galaxies
are classified in three types. The reproducibility is obviously
lower when each morphologist uses his personal definitions
for the types. Unfortunately, many recent studies of distant
galaxies (e.g. Casertano et al. 1995, Glazebrook et al. 1995,
Driver, Windhorst & Griffits 1995), but not all (Dressler et al.
1994a,b, Abraham et al. 1996, van den Bergh et al. 1996) use
definitions for the types which are not identical to those used
by morphologists for nearby galaxies. Morphologists classify
(nearby) galaxies by their resemblance to standards (Hubble
1936, de Vaucouleurs 1959, Sandage 1961), whereas distant
galaxies are often classified without any reference to standards
and in classes that are not easy to link to the traditional ones
(for example Glazebrook et al. 1995 classify usual edge-on
lenticulars as spirals, and put together in one class compact
galaxies and ellipticals).
Second, the comparison of types at different redshifts has
been hampered for a long time by the lack of angular reso-
lution of groundbased telescopes that do not allow imaging
distant galaxies with the same restframe spatial resolution as
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nearby ones, and therefore do not allow one to classify distant
galaxies, in spite of great efforts to observe distant galaxies in
sub-arcsecond seeing conditions (e.g. Thompson 1986, Lavery,
Pierce & McClure 1992). The Hubble Space Telescope (HST)
has now opened a new era and the situation has been partly
reversed, since images of distant galaxies are now available
with better restframe resolution than for nearby galaxies (see
Sect. 3.1 for details).
The goal of this paper is to study the galaxies in
Cl0939+4713, a distant cluster observed by the HST, to com-
pare their properties to the ones of galaxies in the Coma and
Perseus clusters, presented in previous papers of this series
(Andreon 1994, 1996a), in order to gain insight into the epoch
dependence of the properties of the Hubble types. This is done
using the same method for classifying all the galaxies from im-
ages of similar restframe resolution and for samples selected
in the same restframe passband down to the same absolute
magnitude.
The paper is organized as follows. Section 2 outlines our
present understanding of the properties of the galaxy pop-
ulations in Cl0939+4713. Section 3 deals with the prob-
lems that could bias the comparison of morphological types
of galaxies at different redshifts. The morphological types
of galaxies in Cl0939+4713 are presented and discussed
in Section 4. In Section 5 we study the properties of the
types, among themselves and with respect to local counter-
parts, and we devote Section 6 to a discussion and a sum-
mary of the results. We adopt }0 = 50 kms−ˆ1 and0 =
0:5 but; whenappropriate; wediscusstheconsequencesoftheadoptedcosmologicalmodel:
2. The distant cluster Cl0939+4713
Cl0939+4713 (Abell 851) is a distant cluster (at =0.407 for
which a large effort has been made to collect large samples
of data at different wavelengths. Dressler & Gunn (1992) give
, r, i magnitudes, -r, r-i colors and positions. They also give
the redshift of some galaxies. Dressler et al. (1994a, hereafter
DOBG) give the morphological types of galaxies in the cluster
core, as estimated from pre-refurbished HST images, and a first
analysis of the properties of the Hubble types, revealing the or-
dinariness of these galaxies from the point of view of their
morphology, from their location in the color-magnitude dia-
gram, from the usual luminosity function and from the spatial
distribution of the morphological types.
Dressler et al. (1994b) present post-refurbished HST im-
ages of this cluster and re-classify the galaxies, but they do
not give their morphological estimates. The comparison of the
HST morphological type estimates, before and after refurbish-
ing, performed by Dressler et al. (1994b), shows that the two
estimates differ for only 20 % of the sample.
In a narrow-band study, Belloni et al. (1995) and Belloni &
Ro¨ser (1996) point out the presence of numerous E+A galaxies,
and that their radial distribution is less concentrated than those
of early-type galaxies.
Stanford, Eisenhardt & Dickinson (1995) give the infrared
colors of galaxies in an area that is much larger than the HST
field of view, but limited to a bright magnitude (=18 mag).
They find that the redder galaxies are bluer than present day
Es and S0s by a quantity which is compatible with the blueing
expected for passive galaxy evolution. Furthermore, the sub-
sample of early-type galaxies with known morphological types
has a small scatter around the color-magnitude relation in the
visual and near-infrared colors; this is indicative of the ho-
mogeneity of its photometric properties at these wavelengths.
However, the early-type galaxies seem not to have the expected
-K and }-K colors, as they have brighter } and lower fluxes for
their magnitude.
In the effective radius vs effective surface brightness plane,
the 14 galaxies of this cluster with known surface brightness
parameters occupy the same locus as local early-type galaxies
(Pahre, Djorgovski & de Carvalho 1996). Barrientos, Shade &
Lo´pe`z-Cruz (1996) instead suggest that, for a given size, early-
type galaxies in Cl0939+4713 are brighter than the Coma ones,
and note that this small discrepancy with the results of Pahre,
Djorgovski & de Carvalho (1996) is within the systematic
errors of the two works.
In the X-rays, the cluster looks irregular, as it is az-
imuthally asymmetric (Schindler & Wambsganss 1996). Seitz
et al. (1996) present the two-dimensional mass distribution
constructed from weak lensing on background galaxies and
find that mass follows light.
3. Problems in the comparison of types at different
redshifts
Comparing the properties of a given Hubble type in different
environments is a non trivial task when very different observa-
tional materials are used for classifying the galaxies, and the
images taken with the Wide Field Camera 2 of the HST differ
in many respects from images taken with groundbased tele-
scopes. The selection criteria and the classification methods
may also differ. In the next sub-sections we detail the prob-
lems that arise because of these differences, and explain how
we solved them.
3.1. The comparison sample
The Hubble type estimates depend on the resolution of the im-
ages used for classifying the galaxies (de Vaucouleurs & Buta
1980, Poulain, Nieto & Davoust 1992). The resolution of the
HST images for the Wide Field Camera 2 is 0.1 arcsec (FWHM)
which corresponds to 0.65 Kpc in the restframe of galaxies at
0:4 _Forameaningfulcomparison; sucharesolutioninKpcisneededforth
This perfect sample does not exist, so we settled for the
next best thing, two samples of galaxies in Coma (Andreon et
al. 1996a,b). The two samples are composed of 187 galaxies
brighter than J = −19:8magwithinonedegreefromtheclustercenter(her
wholesample)andadeepersampleof96galaxiesbrighterthanJ =
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−19:3magwithinacentralcircularregionof15arcmininradiusoffcenteredfromtheclustercenterby21arcmin(hereaftertheComa−
centersample):ThesetwosamplesexceedinsizethatofSaglia;Bender&Dressler(1993):
The angular resolution of the galaxy images is not uniform;
it is broadly distributed, and centered at 0.78 Kpc. By compar-
ing Hubble type estimates determined from images with differ-
ent resolutions, some better than 0.65 Kpc, we have shown that
the Hubble type estimate is not sensitive to small differences
in resolution around 0.65 Kpc (Andreon et al. 1996b, Andreon
& Davoust 1996). The resolution of our comparison sample
can thus be considered sufficient for our purpose.
3.2. Sampling and shape of the point spread function
Sampling and contrast are two basic ingredients for recogniz-
ing morphological components of galaxies, such as bar, disk,
spiral structure and, more generally, deviations of the isophotes
from the perfect elliptical shape.
Even in the ideal case when the resolution in Kpc is the
same for the nearby and the distant galaxies, the image qualities
still differ, because the sampling and the shape of the point
spread functions are not equal. The FWHM of the HST point
spread function is sampled with only one pixel, whereas the
FWHM of the groundbased point spread function is sampled
with typically 3 to 4 pixels. This fact induces some differences
in the Hubble type estimates for galaxies of the same Hubble
type observed from the ground or from space.
We have performed simple (i.e. noiseless) two-dimensional
simulations of the appearance of structural components such
as halo, bar, bulge, disk, etc. when observed with the Wide
Field Camera 2 and from the ground (Andreon 1996b). They
show that we do not lose large structural components, such as
the disk, the envelope or the spiral pattern of distant galaxies
(brighter than J = −19:0mag)observedwiththeWideF ieldCamera2morethanwedofornearbygalaxiesobservedfromtheground:Theref
But they also show that small details, such as a bar, or small
deviations from the perfect elliptical shape, those allowing the
classification of ellipticals as boxy or disky and of lenticulars as
barred or unbarred, are more likely to be lost with HST images
of distant galaxies than with groundbased images of nearby
galaxies. Therefore, the relative proportions of ellipticals or
lenticulars of the two subtypes measured in distant clusters are
not comparable with those in nearby clusters.
To be more specific, if the Coma barred lenticulars were
artificially placed at the distance of Cl0939+4713, the major
axis of their bar would be 0.3 to 0.4 arcsec (i.e. 3 to 4 pixels)
long on average. It is very difficult to measure the change in
position angle of such a short major axis and the simultaneous
increase of ellipticity, which are distinctive features of a bar.
Such result cannot be extrapolated to bars in spirals, which
are morphologically different, and therefore to the bulk of the
galaxies of the Hubble Deep Field. Incidentally, we note that
only a very small fraction of barred galaxies has been detected
in Cl0939+4713 by us (see column 10 of Table 1).
The arms of flocculent spirals are more likely to be lost in
Wide Field Camera 2 images, as already noted by Ellis (1996),
thus introducing another possible bias between groundbased
and space observations. B t we have two re sons to think that
the fraction of misclassified flocculent spirals is small: first of
all, these galaxies often have HII regions, in which case they
are correctly classified as spirals; second, flocculent spirals are
not frequent in the center of clusters, even less so than grand
design spirals (at least in clusters at zero redshift).
3.3. Pass-band: selection and absolute magnitude limit
The Hubble type composition depends on the pass-band in
which the sample has been selected, since samples selected in
the blue are richer in spirals than those selected in the red.
The galaxies in Cl0939+4713 were observed and selected
through the 702W filter, large (1950 A˚) and centered at sim
6900 A˚, (Holtzmann et al. 1995) which samples the restframe
emission at lambda  4900A˚ withabandwidthof1390A˚:
Galaxies in nearby clusters are often selected in the photo-
graphic filter (and in particular our major comparison sample,
the Coma cluster, was selected in a like band), which is cen-
tered at 4600 A˚ with a bandwidth of 1500 A˚, approximately
matching the emission sampled by the 702W filter for distant
galaxies. Therefore we can use different filters for selecting
samples in approximately the same restframe pass-band, as
has been done, for example, by Arago´n-Salamanca et al. (1993)
and Rakos & Schombert (1995) for other filters.
The 702W magnitudes for the galaxies in Cl0939+4713
were taken from Seitz et al.’s (1996) catalogue (kindly made
available by J.-P. Kneib). Two bright galaxies are clearly miss-
ing from Seitz et al.’s catalogue (DG 371, and DG 438; the
names are from Dressler & Gunn 1992). These two galaxies
have been added to the catalogue and their 702W magnitudes
have been estimated from the Gunn magnitudes assuming for
their -F702W color the m dian v lue (0.505 mag) of all the




GMP magnitudes (which are magnitudes measured
through a -filter but with the Johnson B photometric zero point)
of the Coma galaxies listed by Godwin, Metcalfe & Peach
(1983) are re-transformed to by the relation
=bGMP − 0:57
computed from the comparison of the
¯
GMP and magnitudes,
the latter taken from Butcher & Oemler (1984) for 148 galaxies
in common with our sample of 187 with
¯
GMP<16.5_This trans-
formation takes into account the difference in the zero point
between the two systems, and it is not a color transformation,
since both magnitudes map the same wavelength range.
We now determine the zero-point shift between the
702Wz=0:4 andz=0 systems; inordertoselectthedistantandnearbysamples
We compute the 702W-J color at redshift zero and the K
corrections in 702W by convolving the galaxy spectral energy
distributions listed in Coleman, Wu & Weedman (1980) with
the 702W (at http://www.stsci.edu/ftp/instrument) and k (J:−
M:Miralles; privatecommunication)filtershapes; andbynormalizing
J coloratredshiftzeroofellipticalstotheonelistedinFukugita; Shimas
702Wz=0:4 − Jz=0 = −0:95 sigma = 0:1
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where sigma indicates the scatter between the four different
spectrophotometric types (E/S0, Sbc, Scd, Irr). Since there is
a small residual dependence between the spectrophotometric
type and the photometric transformation due to the slightly red-
der sampling of the 702Wz=0:4 filterwithrespecttothez=0 filter; westillincludelessIrrandmoreE=S0whenselectingthegalaxiesinthe702
4713galaxiesexactlyinthe restframe:Wequantifythis(negligible)effectinSect:4:
3.4. Pass-band: classification
The morphological classifications in Coma and Cl0939+4713
are not performed in the same restframe passband, and there-
fore there could be systematic differences in the morphological
classification because of the passband dependence of the con-
trast of spiral arms and dust with respect to the galaxy main
body.
However, such systematic differences apply only to a mi-
nority of galaxies, those whose type is on the borderline be-
tween two classes, and we verified that the passband depen-
dence of the morphological type, at the sampled wavelengths,
is negligible for galaxies at low redshift.
3.5. Definition of the used Hubble types
It is clear that, whatever definition of the Hubble types is
adopted, it must be the same for distant and for nearby galaxies,
which implies that the method used for classifying the galaxies
has to be the same in both cases, although this requirement is
not always satisfied in the literature (see the Introduction).
The method introduced by Michard & Marchal (1993),
which allows one to assign Hubble types to galaxies according
to the presence or absence of morphological components, such
as bar, disk, bulge, halo, dust or spiral arms, gives reproducible
morphological estimates and has the advantage that it has al-
ready been applied to galaxies of the local Universe (Michard
& Marchal 1994 and reference therein, Andreon 1996b), and in
particular to our two Coma samples (Andreon et al. 1996a,b).
Therefore we decided to use this method to classify the galaxies
of Cl0939+4713 as well.
In this scheme, ellipticals are galaxies with elliptical
isophotes and almost linear surface brightness profiles in the
mu vs. 1=4 plane; lenticularshaveellipticalisophotes; buttheirmajoraxissurfacebrightnessprofilepresentsabump; and; finally; spira
3.6. Membership
It is important to remove background or foreground galaxies
from the sample when we are interested in the properties of
the galaxy population in a selected region of the Universe.
At small distances, galaxy redshifts are available for most
samples, and one can therefore reject interlopers on the basis
of their velocity relative to the cluster center. We did this for
the two samples in Coma (Andreon 1996a and Andreon et al.
1996a).
In Cl0939+4713, redshifts are available for only a small
number of galaxies (25 out of 83 brighter than 702W=22.2
mag in the field of view), and the membership of galaxies must
be determined in a different way.
In this field, we statistically expect eleven background or
foreground galaxies brighter than 702W=22.2 mag from the
counts-magnitude relation of Smail et al. (1995), whose inte-
gral is normalized at 702W=27 mag as in Seitz et al. (1996). We
have identified nine of the with certainty (DG 234, DG 349,
DG 396, DG 398, DG 403, DG 407, DG 420, DG 440 from
their redshifts and DG 380 because it is interacting with DG
398, an interloper). Three other galaxies (DG 292, DG 384 and
DG 385) are suspected of being background quasars (see Sect.
4). We have therefore identified 12 probable (most of them
certain) background or foreground galaxies; since 11 were ex-
pected, it is reasonable to assume that all the other galaxies in
the field of view (brighter than 702W=22.2 are cluster mem-
bers. We have identified almost all non member galaxies, in
spite of the small fraction of galaxies with known spectrum
(1/3), because DG chose to take spectra of blue galaxies.
We can confirm in an independent statistical way that the
sample is not significantly contaminated by interlopers, us-
ing spectrophotometric redshifts taken from Belloni & Ro¨ser
(1996), as if they were redshifts based on emission or ab-
sorption lines. The spectrophotometric redshifts exclude seven
galaxies from our sample, but do not exclude seven others
which are interlopers by their kinematic redshift.
Therefore, the resulting sample is likely to be an absolute
magnitude complete sample of galaxies, like the two Coma
ones.
4. The morphological types of galaxies in Cl0939+4713
In order to exclude from the sample galaxies partially outside
the field of view, the studied field for Cl0939+4713 is sim2
arcsec smaller on both sides of the field of view of each of the
three CCDs that compose the Wide Field Camera 2.
With the images of Cl0939+4713 at our disposal, we clas-
sify galaxies down to 702W=22.2 mag, corresponding to J =
−19:0mag;whichweconservativelytakeasourmagnitudelimitformorp
Such faint galaxies have not yet been morphologicallyclas-
sified in the Coma cluster, the deeper samples reaching J =
−19:3mag:Therefore; inthefollowing; whenwemakecomparisonsamo
4713)tothemagnitudeoftheshallowerone:
Table 12 presents a concise description of all galaxies
brighter than 702W=22.2 mag in the HST studied field of view
with the exclusion of certain background/foreground galaxies.
We present the morphological type (column 14), a character-
ization of the galaxy envelope (column 13) and many other
geometrical parameters, detailed in the legend of Table 1, to-
gether with notes to the individual galaxies.
We did not succeed in attributing a morphological type to
only 8 galaxies out of 71.
Three of them are morphologically unresolved galax-
ies, i.e. resolved sources but not large enough to be as-
signed a morphological type. These galaxies have small
2 Table 1 is presented only in electronic form
